Abstract: Recent advances in radiometric dating result in significant improvements in the geological timescale and provide better insight into the timing of various processes and evolutions within the Earth's system. However, no radiometric ages are contained within the Givetian. Consequently, the absolute ages of the Givetian Stage boundaries, as well as the stage's duration, remain poorly constrained. As an alternative, the analysis of sedimentary cycles allows for the estimation of the duration of this stage. We examined the high-resolution magnetic susceptibility signals of four Givetian outcrops in the Givet area for a possible astronomical imprint, to fully understand the rates of evolutionary and environmental change. All four sections are firmly correlated and wavelet analyses of the magnetic susceptibility signals reveal the imprint of astronomical eccentricity forcing. The highly stable 405 kyr cycles constrain the duration of the Givetian Stage at 4.35 + 0.45 Myr, which is in good agreement with the International Chronostratigraphic Chart (5.0 Myr). The studied sections also exhibit an imprint of obliquity, suggesting a climatic teleconnection between low and high latitudes. The corresponding microfacies curves demonstrate similar astronomical imprint, and thereby indicate that the observed 10 5 year-scale cyclicity is the result of climatic and environmental change.
The Devonian period (c. 419.2-358.9 Ma; Gradstein et al. 2012) was a time of fundamental changes in both marine and terrestrial environments. During the Silurian and Early Devonian, land plants were still restricted to the outskirts of water bodies. However, by the Middle Devonian, arborescent vegetation developed an amazing complexity and successfully occupied various terrestrial ecosystems, forming the earliest forest (e.g. Stein et al. 2007 Stein et al. , 2012 Mintz et al. 2010) . In the marine realm, equally important events took place, including the appearance of air-breathing lungs, leading to the fish -tetrapod transition (Clack 2007 (Clack , 2009 , and the development of internal fertilization (Long et al. 2008 (Long et al. , 2009 . Despite these crucial events in the evolution of life on Earth, a reliable highprecision chronology for the Devonian is still lacking. Indeed, both accuracy and precision of the Devonian timescale are debated, as over recent years different authors have produced rather dissimilar chronologies, albeit all based on virtually the same set of a very limited number of radiometric ages (Gradstein et al. 2004; Kaufmann 2006; Becker et al. 2012) . As a consequence, it remains extremely difficult to obtain a detailed understanding of the timing, magnitude and duration of geological events in the Devonian. The Givetian Stage can be considered the exponent of the Devonian timescale since it does not contain a single radiometric age. In recent Devonian timescales (Kaufmann 2006; Becker et al. 2012) , the age of the Givetian Stage boundaries is estimated by linear interpolation between the Eifelian Tioga Ash bed B (390.0 + 2.5 Ma; Klapper 1971; Roden et al. 1990 ) and the Frasnian Belpre Ash (381.1 + 3.3 Ma; Tucker et al. 1998; Rotondo & Over 2000) . It goes without saying that the Givetian chronology is extremely poorly resolved when taking into account the broad error bars on these radiometric ages, the stratigraphic uncertainty and the dubiousness of the relative spans of biostratigraphical conodont zones within each (sub)stage.
As an additional chronometer, next to chronoand biostratigraphy, a cyclostratigraphic approach offers the opportunity to estimate the duration of a particular (sub)stage, conodont zone or geological event. The inclusion of cyclostratigraphic methods in the construction of timescales has resulted in the most precise and high-resolution Cenozoic and Mesozoic timescales (e.g. Lourens et al. 2004; Meyers 2008; Meyers et al. 2012) . Only a few astrochronological studies have addressed Palaeozoic greenhouse periods such as the Devonian (Bai 1995; House 1995; Chlupáč 2000; Chen & Tucker 2003; Ellwood et al. 2011a, b; Garcia-Alcalde et al. 2012; De Vleeschouwer et al. 2012b , 2013 . Two of these studies estimated the duration of the Givetian by counting astronomically forced sedimentary cycles: House (1995) estimated the Givetian duration at 6.5 Myr, assuming that the dominant microcyclicity at the Pic de Bissous (southern France) is forced by climatic precession. Unfortunately, when making an astrochronologic estimate of the duration of a stage, one should avoid counting precessional cycles. The reason for this is twofold: first, the precessional cycle does not have a stable periodicity, and second, the amplitude of climatic precession is very small (and thus indiscernible) under periods of low eccentricity. Ellwood et al. (2011b) estimated the Givetian duration at 5.6 Myr, by identifying fourteen 405 kyr eccentricity cycles in four different sections, including the two Givetian GSSP sections. However, several problems arise with the correlation between their studied sections. First, the base of the AKZO Core (Western New York) is ascribed to their MS Zone 'Gv5'. By doing this, Ellwood et al. (2011b) assume that the base of the AKZO Core precisely corresponds to the top of the Eifelian-Givetian GSSP section (Mech Irdane, Morocco). However, the authors do not provide any argument to justify the fact that they assume that both sections perfectly align. Of course, this assumption is highly debatable, as one needs different undisputed points of correlation to firmly correlate two sections. This clearly is not the case in the work of Ellwood et al. (2011b) , as the AKZO core and the Mech Irdane section do not stratigraphically overlap (figure 10 in Ellwood et al. 2011b) . Second, none of the four selected sections covers their MS Zone 'Gv22': in the AKZO Core, the last MS Zone before the major unconformity is 'Gv21', while the first MS Zone in the Tully Composite (New York) is 'Gv23' (figures 7 and 8 in Ellwood et al. 2011b) . In other words, the authors recognize that there is a stratigraphic interval missing and they assume that it lasted for 200 kyr. However, no arguments for this assumption can be found in their paper. Third, the correlation between the 'New York Composite dataset' (i.e. the combination of the AKZO Core and the Tully Composite) and the Givetian-Frasnian GSSP is based on only 25 magnetic susceptibility values in the latter section (figures 4 and 10 in Ellwood et al. 2011b ). This seems rather limited to correlate two sections from entirely different palaeolocations and environmental settings.
In this study, we estimate the Givetian duration by counting the extremely stable 405 kyr eccentricity cycles in four firmly correlated sections from the Dinant Synclinorium (southern Belgium).
Correlation amongst the studied sections is considered accurate because of well-studied litho-and biostratigraphy in the historical type area of the Givetian. Also, magnetic susceptibility has proven to allow for high-resolution correlations in this area (Da Silva & Boulvain 2006; Mabille & Boulvain 2007; Boulvain et al. 2010a) . Also the stratigraphic position of the Eifelian -Givetian and Givetian -Frasnian Stage boundaries is relatively well known thanks to the long biostratigraphic tradition in the Givet area. The latter, combined with the high-resolution magnetic susceptibility (MS) dataset that is available for this region, bear a high cyclostratigraphic and astrochronologic potential.
Geological setting
The present cyclostratigraphic study is based on existing magnetic susceptibility data from four different sections in the Dinant Synclinorium (Fig. 1) . Combined, these four sections include limestones and shales from the uppermost Eifelian to the lower Frasnian. The Givetian Stage in the study area is depicted by the main part of the Hanonet Formation (Fm), the Trois-Fontaines Fm, the Terres d'Haurs Fm, the Mont d'Haurs Fm, the Fromelennes Fm and the lowest part of the Nismes Fm (Preat et al. 2006) . The Eifelian-Givetian boundary is characterized by a mixed detrital-carbonate outer ramp, followed by a well-developed Givetian carbonate platform with environments ranging from external crinoidal facies to stromatoporoiddominated biostromes and lagoonal facies. The demise of the carbonate factory and the generalization of argillaceous sedimentation marks the beginning of the Frasnian (Nismes Fm; Boulvain et al. 2010b) .
The 'La Couvinoise' section (50803 ′ 38 ′′ N, 4829 ′ 18 ′′ E) exposes 85 m of the Hanonet Fm, and contains the Eifelian-Givetian boundary. This section has been subjected to detailed sedimentological and cyclostratigraphic studies and provides good knowledge of facies, environmental and sealevel variations (Mabille & Boulvain 2007; De Vleeschouwer et al. 2012a) . The 'Monts de Baileux' section (50802 ′ 25 ′′ N, 4823 ′ 37 ′′ E) exposes a succession of strata from the Hanonet Fm to the base of the Mont d'Haurs Fm, and also encompasses the Eifelian -Givetian boundary (Mabille & Boulvain 2008) . It has been firmly correlated with the 'La Couvinoise' section based on sedimentology (Mabille & Boulvain 2007 ) and cyclostratigraphy (figure 10 in Da Silva et al. 2013 (Boulvain et al. , 2010b , and the correlation to 'Monts de Baileux' is straightforward thanks to the highly parallel MS variations (Fig. 2) . However, the many sampling breaks in the upper part of the 'Fromelennes-Flohimont' section limit the suitability for cyclostratigraphy between 400 and 550 m. However, in this stratigraphic interval, the 'La Thure' section (50817 ′ 11 ′′ N, 4809 ′ 40 ′′ E) provides a very detailed and continuous sampling. The correlation between the 'La Thure' and 'Fromelennes -Flohimont' sections is based on lithostratigraphy and the MS signal.
Conodont faunas are generally sparse in the study area, considering that most of these Givetian For each section, the magnetic susceptibility signal is plotted in red, along its CWT. On the CWT, the frequency range of 405 and 100 kyr eccentricity is denoted by a white dashed line. For the 100 kyr cycles, the rounded rectangles suggest zones of increased spectral power during 405 kyr maxima, caused by amplitude modulation of the 100 kyr cycles by 405 kyr eccentricity. Based on the filter outputs, alternating orange and white horizontal bands delineate the 405 kyr eccentricity cycles. Based on this figure, the Givetian contains 10.75 such cycles, that is, 4.35 Myr.
sections are dominated by shallow-water facies. Nevertheless, they permit correlation with the Givetian conodont Standard zonation (Bultynck 1987; Gouwy & Bultynck 2003) . Polygnathus hemiansatus, the index species for the base of the Givetian, occurs near the top of the lower part of the Hanonet Fm in the 'La Couvinoise' section (Bultynck & Hollevoet 1999) . Also Icriodus oblquimarginatus first occurs at this level, 35 m above the base of the 'La Couvinoise' section. The uncertainty on this position of the Eifelian-Givetian boundary is rather confined, as conodont samples were collected at c. 2 m intervals in this part of the section (Bultynck & Hollevoet 1999) . Therefore, in the present study, we put the Eifelian-Givetian boundary at 35 + 2 m for the 'La Couvinoise' section. The base of the Frasnian Stage is defined by the first occurrence of the conodont Ancyrodella rotundiloba. Bultynck et al. (1988) observed the first appearance of this species c. 1.5 m above the base of the Nismes Fm in multiple sections in the Dinant Synclinorium. Recently, however, the GivetianFrasnian boundary in the study area was displaced to a slightly lower stratigraphic position, based on concomitant changes in ostracod assemblages and microfacies (Casier & Préat 2009; De Vleeschouwer et al. 2010) . The consistent position of the Givetian-Frasnian boundary, just above the base of the Nismes Fm, in numerous studied sections within the Dinant Synclinorium, allows us to place the Givetian -Frasnian boundary at this specific stratigraphic level in the La Thure section (CoenAubert & Boulvain 2006) . We put the GivetianFrasnian boundary in the 'La Thure' section 1 m above the base of the Nismes Fm. Given the extensive biostratigraphic documentation and rich conodont faunas of the Nismes Fm, the uncertainty on the stratigraphic position of the Givetian-Frasnian boundary in the 'La Thure' section is conservatively put at 155 + 2 m.
Methodology
The cyclostratigraphy presented in this study is based on the MS values of 2134 samples, from four different sections, over 1076 m of stratigraphic section. For each sample, three MS measurements were performed on a KLY-3 kappabridge device at the University of Liège (Belgium). The presented MS value is the average of the three measurements, and has been divided by the sample mass (0.01 g precision) to obtain the mass-specific MS.
The MS signal in marine sedimentary rocks is considered a proxy for the supply rate of the magnetic susceptible lithogenic or detrital fraction to the marine system (Ellwood et al. 2000) . Therefore, MS is often used as a climatic and environmental proxy. However, diagenesis, remagnetization and low-grade metamorphism can potentially obscure the original, depositional MS signal, especially in Palaeozoic rocks. Da Silva et al. (2013) and Mabille & Boulvain (2007) demonstrated that, in most Devonian sections in Belgium, a good relationship exists between MS trends and facies evolution and between MS and geochemical proxies for detrital inputs, despite a remagnetization event described for the Devonian of Belgium (Zegers et al. 2003) . This relation was observed, among others, for the 'La Couvinoise' and 'Monts de Baileux' sections, which are considered in this study. In other words, despite a diagenetic impact and remagnetization, primary palaeoenvironmental information is still contained by the magnetic susceptibility signal. Hence, this study can with confidence rely on MS as a proxy for climatic and environmental change and assess the potential imprint of the astronomical cycles.
The potential imprint of the astronomical cycles into the MS signals is evaluated using the continuous wavelet transform (CWT). The CWT is used to decompose a one-dimensional magnetic susceptibility time-series into its two-dimensional timefrequency representation. This method reveals the persistency of (astronomical) periodicities along the studied sections and provides a tool to detect variations in accumulation rate through associated changes in cycle thickness. Wavelet software was provided by Torrence & Compo (1998) , using the Morlet wavelet function with wave number 6, zeropadding to the next higher power of 2, spacing between discrete scales (Dj) ¼ 0.25, smallest scale (S 0 ) ¼ 2Dt, and number of scales ¼ (log 2 (NDt/ S 0 )/Dj) + 1.
Multitaper method (MTM) spectral analysis is used to assess the frequency composition of MS, whereas we use the Redfit method to carry out spectral analysis on the digitized microfacies curve. Spectral analysis of the MS records is carried out after detrending and interpolating the records to equally spaced intervals. The MS datasets are analysed using the MTM (Thomson 1982) as implemented in the SSA-MTM Toolkit (Ghil et al. 2002) . The MTM is performed using three discrete prolate spheroidal sequences as data tapers to compromise between spectral resolution and sidelobe reduction. Small variations in accumulation rate behave like phase modulations, and introduce multiple spurious spectral peaks (Muller & MacDonald 2000) . We choose the MTM because it averages these sidelobes into the main peak and thereby gives a superior estimate of the true spectral power. To assess whether or not the strongest spectral peaks are statistically different from the red noise spectrum, the 95% confidence level (CL) is calculated (robust AR(1) estimation, median smoothing window width ¼ (10Dt) 21 , log fit, f Nyquist ¼ 2/Dt). To carry out spectral analysis of microfacies variations, each microfacies is assigned a different code and a quantified microfacies curve is obtained. The microfacies curve of the 'La Thure' section was digitized by assigning a value 0 to microfacies attributed to a drowned carbonate platform. Microfacies that correspond to a distal-ramp palaeoenvironment receive value 1, and microfacies that were deposited on a mid-ramp receive value 2. Microfacies that were deposited on a carbonate platform are attributed values between 3 and 17, where a higher numerical value displays a more proximal setting. For the spectral analysis of the 'La Thure' microfacies curve, we choose to use the Redfit method rather than the MTM, because the first method is specifically designed to estimate red noise spectra from unevenly spaced data series. Hence, we avoid interpolation over stratigraphic intervals where microfacies data are scarce. Frequencyselective filters or Gaussian band-pass filters isolate and extract the components of signals associated with a specific range of frequencies. We employ band-pass filters to assess the behaviour of a specific range of frequencies in a studied signal using the Analyseries software (Paillard et al. 1996) .
Results and discussion

Continuous wavelet transform
The MS signal of the 'La Couvinoise' section has been investigated for a possible astronomical imprint in a previous paper (De Vleeschouwer et al. 2012a) . Therein, we recognized the strong influence of precession on the monsoonal dynamics at the palaeogeographic position of Belgium, on the eastern side of the tropical Euramerican continent. The short 100 kyr eccentricity cycle was recognized in the amplitude-envelope of the precessional signal in MS and microfacies. According to figure 6 in De Vleeschouwer et al. (2012a) , 6.5 short eccentricity cycles can be counted in the 85 m-thick 'La Couvinoise' section. These 100 kyr cycles are represented by the blue curve, shown on top of the MS signal in Figure 2 . The 100 kyr cycles were obtained by band-pass filtering the MS signal between 6.9 and 9.13 m in the lower part of the section, deposited in an open-marine environment, and between 15.95 and 19.58 m in the upper part of the section, deposited in a fore-reef environment. The widths of the band-pass filters were determined by multiplying the periodicity of the precession cycles (values in De Vleeschouwer et al. 2012a) by 5.5, following the ratio between 100 kyr eccentricity and c. 18 kyr precession (Berger et al. 1992) . On the CWT (Fig. 2) , the 100 kyr cycles are represented by a slightly elevated spectral power for a c. 8 m periodicity in the open marine part of the section, and a strongly elevated spectral power for a c. 16 m periodicity in the fore-reef environment. Moreover, in the fore-reef environment, the CWT indicates elevated spectral power for a c. 3.2 m period that was interpreted as the result of precessional forcing in De Vleeschouwer et al. (2012a) .
The 'Monts de Baileux' section covers a much longer stratigraphic interval than the 'La Couvinoise' section. As a consequence, the CWT provides better insight into the behaviour of 10 5 yr scale cycles, which is essential for the astrochronological purposes of this paper. The CWT displays a very strong, stable and uninterrupted band of high spectral power in the low-frequency part of its timefrequency space: in the lower 150 m of the section, the periodicity of this zone of high spectral power is c. 45 m, while in the upper part its periodicity is c. 60 m. Also, for a periodicity around 16 m, increased spectral power can be observed throughout almost the entire section. This band of increased spectral power is, in contrast to the low-frequency spectral peak, frequently interrupted and displays a bifurcation (spliting and braiding) pattern. These c. 16 m-thick cycles in the 'Monts de Baileux' section are the equivalent of the 100 kyr cycles in the 'La Couvinoise' section, where these cycles have a similar thickness in the upper part of the section. From this interpretation it follows that the low-frequency cycles are the result of 405 kyrlong eccentricity forcing. This interpretation is supported by the discussed characteristics of the CWT's time-frequency space, as the short eccentricity cycle is expected to display bifurcations because of amplitude modulation by the long eccentricity cycle. Bifurcations are not expected for the 405 kyr cycle, which is extremely phase-coherent and stable. The 405 kyr cycles are filtered from the MS signal by applying a broad band-pass between 33.33 and 100 m, and plotted in olive on top of the MS signal (Fig. 2) . A band-pass filter between 9.09 and 20 m, plotted in blue, shows the 100 kyr cycles in the MS signal of the 'Mont de Baileux' section. The amplitude envelope of these 100 kyr cycles is plotted by a light-blue dashed line, which shows amplitude modulation at the rhythm of the 405 kyr eccentricity. From astronomical theory, high-amplitude 100 kyr cycles are expected when the 405 kyr eccentricity cycle is at a maximum. In this way, the phase relationship between the lowfrequency filter output and the 405 kyr eccentricity cycle is uncovered: eccentricity is high when the low-frequency filter is at a maximum.
The 'Fromelennes -Flohimont' section comprises more than 450 m of stratigraphy, including four different formations. In the Trois-Fontaines and Terres d'Haures Fms, the MS signal of the 'Fromelennes -Flohimont' section is very similar to that of the 'Monts de Baileux' section, allowing for an accurate and detailed correlation. The MS signal of the 'Fromelennes-Flohimont' section is characterized by some significant sampling breaks, where the section is covered by vegetation (Fig. 2) . We divided the MS signal into four different parts accordingly, and we carried out CWT on the four different parts of the 'Fromelennes -Flohimont' MS signal separately. In the lower part of the section, between 90 and 185 m, the observed distribution of spectral power is similar to that observed in the upper part of the 'Monts de Baileux' section. This does not come as a surprise, given the similar patterns in MS in the overlapping part of both sections. Hence, the interpretation of the cyclicity is identical for both sections: a c. 60 m periodicity is ascribed to 405 kyr eccentricity forcing, while a c. 16 m periodicity is associated with 100 kyr eccentricity. The three upper intervals of the 'Fromelennes -Flohimont' section are too short to unambiguously distinguish the imprint of the 405 kyr cycle. The corresponding CWTs show a bifurcation pattern around periodicity 16 m, interpreted as the result of 100 kyr forcing. The same band-pass filters have been applied as for the 'Monts de Baileux' section, showing the 405 kyr cycles in olive and the 100 kyr cycles in blue (Fig. 2) . In the lower part of the section, the 100 kyr cycles are clearly amplitude modulated by 405 kyr eccentricity: this is a strong indication that the astronomical interpretation is correct.
The 'La Thure' section covers the entire Mont d'Haurs and Fromelennes Fms, and stretches into the Nismes Fm. From lithostratigraphy, one can immediately deduce that the accumulation rate in this section is significantly lower than in the 'Fromelennes -Flohimont' section. For example, the Mont d'Haurs Fm in 'La Thure' covers only c. 80 m; the same formation in 'FromelennesFlohimont' spans c. 180 m. The CWT demonstrates a very strong and stable zone of high spectral power for a c. 30 m period, especially in the upper part of the section, which would correspond to the 405 kyr eccentricity cycle, given the above-mentioned ratio in accumulation rate. Around periodicity 8 m, the splitting and braiding pattern is remarkably explicit, and a strong indication for the imprint of 100 kyr eccentricity. Band-pass filtering was carried out between 23.53 and 30.77 m to display the 405 kyr cycles in green and between 5 and 10 m for the 100 kyr cycles. Despite the obvious bifurcation pattern in the CWT, the amplitude modulation of the 100 kyr cycles in this section is not in phase with the 405 kyr cycles, as would be expected from astronomical theory. However, this phase-lagged amplitude modulation does not undermine the astronomical interpretation, as phase and amplitude distortions can be induced by the non-linear translation of sea-level change to offshore sediment flux (Laurin et al. 2005) .
Givetian astrochronology
The 405 kyr eccentricity cycle is very stable from an astronomical point of view (Laskar et al. 2011) . Therefore, even in the Palaeozoic, the stable periodicity of the 405 kyr cycle can be used as a geochronometer (e.g. Hinnov et al. 2013; Wu et al. 2013) . Indeed, a cyclostratigraphy that is based on this astronomical-forcing component reliably estimates the duration of events and stratigraphic intervals. Therefore, in first instance, we use the 405 kyr cycle for estimating the duration of the Givetian. Subsequently, this estimate is refined based on higher-frequency cycles. In 'La Couvinoise', the Eifelian -Givetian boundary is put at 35 m above the base of the section. From Figure 2 , it can be inferred that this stage boundary occurs during a maximum of the 405 kyr eccentricity cycle. When zooming in, this stratigraphic position corresponds to the maximum of the second 100 kyr eccentricity cycle that is contained within this 405 kyr cycle. In other words, the earliest Givetian covers the last 250 kyr of this first 405 kyr cycle. The overlying ten 405 kyr cycles all fall entirely within the Givetian Stage. The Givetian -Frasnian boundary is put at 155 m above the base of the section, which coincides with the onset of a 405 kyr cycle. More accurately, it corresponds to the first 100 kyr eccentricity maximum of this 405 kyr cycle. Consequently, the latest Givetian comprises the first 50 kyr of this long-eccentricity cycle. The summary of the above results is a total duration of the Givetian of 4.35 Myr (Table 1) . Obviously, some uncertainties apply when making such an estimate. First of all, there is stratigraphic uncertainty on the position of the stage boundaries. For the Eifelian-Givetian boundary, stratigraphic uncertainty is +2 m, and for stratigraphic position of the Givetian -Frasnian boundary the same amount of uncertainty is considered. Using the accumulation rates that result from our astronomical interpretation (16 cm/kyr in 'La Couvinoise' and 7 cm/kyr in 'La Thure') , the stratigraphic uncertainties translate into chronologic uncertainties of +0.015 and 0.03 Myr, respectively. We also take a 'counting error' of +0.405 Myr into consideration, as the possibility exists that a 405 kyr cycle is either overlooked or counted twice, leading to a total uncertainty of +0.45 Myr. To conclude, this study estimates the duration of the Givetian at 4.35 + 0.45 Myr. This result suggests that the most recent International Chronostratigraphic Chart (GTS2012) slightly overestimates the duration of the Givetian (5 Myr in Becker et al. 2012) . Our estimate, however, is in perfect agreement with the Devonian chronology of Kaufmann (2006) , in which the Givetian is assigned a duration of 4.4 Myr.
The environmental response to astronomical forcing. Figure 3a shows the complete stratigraphic interval of the studied part of the 'La Thure' section. In this photograph, the 405 kyr cycles are not immediately apparent from the lithology. For this reason, the eccentricity cycles are highlighted by alternating orange and transparent bands. However, when the composition and appearance of the carbonate rocks of 'La Thure' are studied in more detail, by looking at the microfacies, the imprint of astronomical climate forcing becomes apparent. In Figure 3b , the 'La Thure' microfacies curve is The Givetian Stage holds 10 complete 405 kyr cycles and three 100 kyr cycles, accounting for 4.35 Myr. The stratigraphic uncertainty added to a counting error of one 405 kyr cycle results in a total uncertainty of +0.45 Myr on the duration of the Givetian. . The astronomical signature in the spectral plot of the 'La Thure' MS signal is clearly dominated by obliquity and precession (Fig. 3c) . The astronomical signature in the spectral plot of the microfacies series is less clear (Fig. 3d) . However, the microfacies variability in the Mont d'Haurs Fm related to 100 kyr eccentricity results in a spectral peak exceeding the 95% CL at periodicity 7.64 m (Fig. 3d) . At higher frequencies (lower periods) multiple spectral peaks reach the 95% CL (Fig. 3d) , for which an astronomical interpretation is not as obvious as for the spectral plot of the MS series (Fig. 3c) . These results indicate that the studied MS signal bears the imprint of both changes in water depth (i.e. relative sea-level) as variations in detrital inputs to the marine system. Both sources of variability are at least partially under the influence of astronomical climate forcing. Through its insolation forcing, precession has an immediate impact on monsoonal dynamics (De Vleeschouwer et al. 2012a) . Therefore, the fluvial and aeolian flux of magnetic minerals towards the studied Givetian carbonate platform was driven by astronomical forcing. Relative sea-level change is determined by variability in continental ice volume and ocean water temperature, among other factors. Since the microfacies cyclicity is characterized by a relatively strong eccentricity component, we infer that Givetian sea-level fluctuations were influenced by eccentricity-modulated precession.
Implications for palaeoclimate. During the Middle Devonian, the Dinant Synclinorium was situated on the eastern rim of the Euramerican continent, which stretched across the tropical latitudes of the southern hemisphere. The palaeolatitude of the studied sections is estimated around 228S (Torsvik et al. 2012; Scotese 2013) . At this latitude, Milankovitch variations in incoming solar radiation are dominated by precession, with just a minor influence of obliquity during periods of low eccentricity. Eccentricity plays a negligible role as a direct driver of variations in incoming solar radiation, but it is a significant astronomical parameter as the amplitude modulator of climatic precession. Therefore, the recognition of eccentricity cycles in the studied Givetian marine sedimentary archive shows that the Mid-Devonian palaeoclimate was receptive for astronomical climate forcing, dominated by precession. Indeed, De Vleeschouwer et al. (2012a) concluded that precession was the dominant astronomical parameter in the 'La Couvinoise' section. In this paper, the same inference is made for the 'Monts de Baileux', 'Fromelennes -Flohimont' and 'La Thure' sections, as increased spectral power is observed in the frequency domain where precession is expected (Fig. 4) . Remarkably, all three of these spectral plots also show increased spectral power at the frequency of obliquity. This is rather unexpected, as no strong obliquity influence was observed in the 'La Couvinoise' section (De Vleeschouwer et al. 2012a) . Also, as pointed out above, obliquity only has a very limited influence in the variations of incoming solar radiation at tropical latitudes. Hence, the observation of an obliquity imprint at the tropical palaeolatitude of the study area suggests some sort of climatic teleconnection. A climatic teleconnection implies that climate variations at a certain place are related to climatic changes at large distances (typically thousands of kilometres). Continental ice sheets are an excellent example of an important agent in climatic teleconnections: as ice sheets occur at high latitudes, they are under the strong influence of obliquity. The extent of high-latitude ice sheets has an important influence on global and low-latitude climate. Therefore, for the Middle Devonian, we infer that continental ice sheets most probably existed at the high latitudes of Gondwana. However, except for the Famennian, the Devonian is considered an ice-free period. Recently though, some papers challenged previous assumptions of ice-free greenhouse climates for the early Eocene, mid-Cretaceous (Miller et al. 2005) 
Conclusion
Time-series analysis on magnetic susceptibility variations in four different Givetian sections from the Dinant Synclinorium (southern Belgium) reveals the imprint of the different astronomical parameters (eccentricity, obliquity, precession) . This disclosure has implications both for the understanding of the palaeoclimate of the Givetian and for the chronology of this stage. First, the imprint of obliquity in the studied sedimentary archives from a tropical palaeolocation suggests that, during the Givetian, a teleconnection existed between the high and the low latitudes, which is an indirect indication of the presence of continental ice. Thus, most probably, the Givetian did not experience such an extremely hot ice-free greenhouse climate, as was long thought in the traditional view. Second, the recognition of a clear signature of eccentricity forcing in the studied sedimentary archive demonstrates that -in the near future -it will be possible to extend the astronomical timescale into the Palaeozoic Era. Without doubt, the next generation of Devonian timescales will incorporate astrochronological information, set in a framework of high-precision U -Pb dates (De Vleeschouwer & Parnell 2014) . In this light, the results of the present work provide time-scale builders with an revised estimate of the duration of the Givetian Stage: 4.35 + 0.45 Myr. This estimate differs significantly from previous cyclostratigraphic assessments of the duration of the Givetian (Ellwood et al. 2011b; House 1995) . Despite the remarks that can be made on the latter works (see the Introduction), it is crucial that cyclostratigraphic analyses yield similar results to be useful for timescale construction. Therefore, it is important to conduct more cyclostratigraphic studies on Givetian sections worldwide, in order to confront the different results and attain a consensus on how these results relate to each other. 
